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Background: Abnormalities of dopamine function in Introduction
schizophrenia are suggested by the common antidopam- . - ) ) . .
inergic properties of antipsychotic medications. However, | ne “classical” dopamine hypothesis of schizophrenia
direct evidence of a hyperdopaminergic state in schizo- ! Proposes that hyperlgct|V|ty of dopamine transmission
phrenia has been difficult to demonstrate, given theis responsible for positive symptoms of the disorder
difficulty to measure dopamine transmission in the living(Carlsson and Lindqvist 1963). This hypothesis was sup-
human brain. Such evidence has recently emerged. Thrgeorted by the correlation between clinical doses of anti-
studies reported an increase in dopamine transmissiorpsychotic drugs and their potency to block dopamine D
following acute amphetamine challenge in patients withreceptors (Creese et al 1976; Seeman and Lee 1975), and
schizophrenia compared to matched healthy control subpy the psychotogenic effects of dopamine enhancing drugs
jects, thus demonstrating a dysregulation of dopamine infor review see Angrist and van Kammen 1984; Lieber-
schizophrenia. In all studies, a large variance was ob- .. o o 1987a). Since positive symptoms are more
served within the schizophrenic group in the magnitude O{snensitive than negative symptoms to direct manipulation
this finding, and clinical predictors of this effect could not : L .
be identified. of the dopamine system, hyperactivity of dopamine trans-
Methods: In thi bined ious| b mission is likely to be more relevant to positive than
viethods: In thiS paper, weé combined previously pub- negative symptoms (Crow 1980). These pharmacologic
lished and newly acquired data to obtain sufficient POWET e s sugaest. but do not establish. a dvsrequlation of
to address this question. _suggest, but : Y ysreg

) L ) . dopamine systems in schizophrenia.
Results: The most important findings d_enved from th_|s Despite decades of effort to validate this hypothesis
extended data set are: 1) dysregulation of dopamine '

function revealed by the amphetamine challenge is Ioreser%Jlocumentanon of abnormalities of dopamine function in

at onset of illness and in patients never previously exposeaCh'ZOp_hrenla has_ remalne_d elusive. _Post_mortem s@udles
to neuroleptic medications; 2) this dysregulation wasMeasuring dopamine and its metabolites in the brain of

exacerbation, but not in patients studied during a remis-(for review see Davis et al 1991). Increased density of
sion phase. striatal D, and D,-like receptors, reported in most post-

Conclusions: A hyperdopaminergic state is present in mortem studies (Lee et al 1978; Owen et al 1978; for
schizophrenia during the initial episode and subsequenféview see Seeman et al 1987), has been difficult to
relapses, but not in periods of remission. This finding hagnterpret, given that neuroleptic drugs upregulate these
important consequences for the development of new treateceptors (Burt et al 1977; Seeman 1987). PET and
ment strategies for the remission phas8iol Psychiatry = SPECT studies of striatal Dand D.-like receptor density
1999;46:56—-72 €1999 Society of Biological Psychiatry in neuroleptic-naive patients with schizophrenia have
generally been negative (Breier et al 1997; Farde et al
Key Words: Schizophrenia, dopamine, ,Dreceptors, 1990; Hietala et al 1994; Laruelle et al 1996; Pilowsky et
SPECT, psychostimulants al 1994), but see Wong and co-workers (1986). A recent
meta-analysis of 13 in vivo studies revealed that D
receptor density might be elevated in schizophrenia, but
From e Depanet ofPeyctay. Coimbe Unversty Clese of skt effect size was small (54) (Laruelle 1998). The lack of
AA-D, RG, LK); and the Department of Psychiatry, Yale University School of Clear evidence for increased dopaminergic indices in
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Columbia University, New York State Psychiatric Institute, 1051 Riverside glutamatergic system (Carlsson 1988; Hietala and
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absence of data supporting the dopamine hypothesis dfable 1. Demographic Composition of the Groups
schizophrenia might be due to the difficulty in obtaining a
direct measurement of dopamine transmission in the living

Controls Patients with Schizophrenia p

human brain. n 36 34
S | h | ided id hAge 40+ 9 40+ 9
everal groups have recently provided evi ence thagenger (miF) 30/4 28/6
competition between endogenous levels of dopamine andace (c/aA/H) 21/10/3 18/11/5 95
radioligands for binding to Dreceptors allows measure- Parental SES 34397 34.4+15.8 .96
ment of changes in synaptic dopamine levels with in vivoSubject SES 9.3 12.1 26.0+10.2 <.001

binding techniques. These interactions have been demon- wm, male; F, female; C, Caucasian; AA, African American; H, Hispanic; SES,
strated in rodents (moue et al 1991:-mer et al 1981; Socioeconomic status, measured with Hollingshead scale (Hollingshead, 1975).
Ross 1991; Ross and Jackson 1989a; Ross and Jackson

1989b; Seeman et al 1989a; Van der Werf et al 1986; ] )

Young et al 1991), nonhuman primates (Carson et al 199740Paminergic response was unclear. Another unanswered
Dewey et al 1993; Innis et al 1992; Laruelle et al 1997b;question was whether this dopaminergic abnormality was
Logan et al 1991; Mukherjee et al 1997), and humandresent in both male and female patients. The previously

(Booij et al 1997; Farde et al 1992; Laruelle et al 1995-Published studies were performed in a Veterans Adminis-
Volkow et al 1994). tration medical center, and the small number of female

In 1996, we reported that amphetamine (0.3 mg/kg, |V)patients in each study precluded the analysis of a potential

induced a larger displacement of the SPECJIR antag-  9€nder effect. _

onist [123]IBZM in a group of 15 schizophrenic patients N this report, we combine the results of our two

compared to 15 healthy control subjects (Laruelle et aPreviously published cohorts (Abi-Dargham et al 1998;
1996). This result was independently confirmed by Breier-a"uelle et al 1996), and we add the results of 10 new

and co-workers (1997) using PET!C]raclopride and a experiments (six healthy control subjects and four first
lower dose of amphetamine (0.2 mg/kg) in a group of 11episode, drug-naive patients) recently acquired. Thus, this

patients with schizophrenia and 11 control subjects. WdePortincludes 36 control subjects and 34 patients, of whom

replicated this result in a new cohort of 15 patients and 15 are first episode, drug-naive patients. The goal of this
control subjects (Abi-Dargham et al 1998). Together,analysswasto compare in this larger sample, drug-naive and

these reports indicate that schizophrenia is associated withl eV|o.ust Freatt_ed' patients, to test thg EHECt,Of gender, anq to
a larger stimulation of Dreceptor transmission following try to identify cll'nlcal features as_souated with more promi-
amphetamine challenge compared to healthy control sutﬁent dysregulation of the dopamine system.

jects. Providing that the affinity of P receptors for

dopamine is unchanged in schizophrenia (an assumptioMethods and Materials

that remains to be firmly established in vivo), these .

findings are best explained by a larger increase in intra—SUbJeCtS

Synaptic dopamine fo”owing amphetamine Cha”enge |nA total of 70 Subjects were included in this analysis (36 normal

patients with schizophrenia. control subjects and 34 patients with schizophrenia) (Table 1).
P ; . The sample includes 15 patients and 15 control subjects from our
Moreover, the data also indicated that this regulation, .
g first cohort (Laruelle et al 1996), 15 patients and 15 control

had a clinical significance. In all three studies, a correla—subjects from our second cohort (Abi-Dargham et al 1998), and

tion WQS fou_nd between the exagggrated respc_)nse of tr%?third cohort of 6 control subjects and 4 patients not previously
dopamlnerglc system and a transient worsening of th@eported. The first and second cohorts were acquired at Yale
patients’ symptomatology. This correlation was mostly yniversity, while the third cohort was acquired at Columbia
noted with the exacerbation of positive symptoms, docu-University. Since all cohorts were acquired with the same
menting the role of dopamine in their expression. experimental protocol, the same type of SPECT camera (PRISM
In all studies, a large variance was observed within the3000, Picker, OH), and under the direction of the same investi-
patients groups in the amphetamine effects on dopamingators (ML, AA, and RG), the results could be pooled for the
transmission. The limited number of cases in each cohor@resent analysis. This as;umption was validated by testing the
precluded the identification of clinical factors that could €XiStence of a cohort or site effect in the control samples.

. L . Inclusion criteria for patients were as follows: 1) diagnosis of
be associated with increased amphetamine effect. Anmh%(:hizophrenia according to DSM-IV: 2) no other DSM-IV' Axis

remaining qugstlon Wa§ the role of previous neurgleptlcl diagnosis; 3) no history of alcohol or substance abuse or
treatment. While all patients were drug free at the time Ofyependence; 4) absence of any psychotropic medications for at
the study, almost all of them had received considerablgeast 21 days prior to the study (with the exception of lorazepam,
previous exposure to [receptor antagonists, and the role which was allowed at a maximal dose of 3 mg per day up to 24 h
of previous antipsychotic treatment in this exaggeratedprior to the study); 5) no concomitant or past severe medical
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conditions; 6) no pregnancy; 7) no current suicidal or homicidaladministration (bolus plus constant infusion with bolus to hourly
ideation; and 8) ability to provide informed consent. infusion ratio of 3.9 hours) has been shown to induce a state of

The studies presented in this paper were approved by fousustained binding equilibrium. In the absence of amphetamine
institutional review boards (IRB). Studies conducted at Yaleinjection, both the specific and nonspecific activity remained at
were approved by the Yale University IRB and West Havena constant level (withint 5%) from 150 min to the end of the
Veteran Administration Medical Center IRB. Studies conductedexperiment (Laruelle et al 1995).
at Columbia were approved by the New York State Psychiatric SPECT data were acquired on the PRISM 3000 (Picker,
Institute IRB and the Columbia Presbyterian Medical CenterCleveland, OH) with high resolution fan beam collimators
IRB. Patients provided informed consent after detailed explanagresolution at full width half-maximum, 11 mm?3 point source
tion of the nature and risks of the study. The ability of the patientsensitivity, 16.5 counts/sqeCi). Two scanning sessions were
to provide informed consent was formally evaluated by aobtained for each subject during the course of tHélJIBZM
psychiatrist not associated with the study. According to theinfusion (before and after amphetamine injection). Each scanning
recommendations of the National Alliance for the Mentally Ill session lasted 60 min. The first scanning session was obtained
(Arlington, VA), assent of involved family members was also from 180 to 240 min, followed by an injection of dextro-
obtained. amphetamine sulfate 1V at a dose of 0.3 mg/kg over 30 sec.

All patients were admitted to an inpatient unit for the duration During the 60 min following the amphetamine injection, subjects
of the study, including the washout period. Patients were rewere outside the scanner to facilitate the evaluation of the
cruited under two modalities. A first group of 17 patients were physiologic and psychiatric response to amphetamine. The sec-
recruited shortly after admission to the hospital for clinical ond scanning session (i.e., post-amphetamine) was obtained from
reasons (West Haven VA for the Yale sample, and New York300 to 360 min.

State Psychiatric Institute, Schizophrenia Research Unit for the Plasma metabolite-correctetffl]IBZM steady-state concen-
Columbia sample). In all cases, the admission was voluntary. Th&ation (Cs9 was measured by extraction followed by high-
second group of 17 patients were recruited from outpatienpressure liquid chromatography on four venous samples col-
clinics during a stable phase of the iliness, and admitted to théected at 20 min intervals from 180 to 260 min (Laruelle et al
hospital for the purpose of the study (elective admission). 1995). Determination of the plasm&fi]IBZM free fraction (f,)

In the patients group, 7 subjects were neuroleptic naive andvas performed by ultrafiltration (Centrifree, Amicon, Danvers,
experiencing a first episode of the illness. Among the chronicMA) (Gandelman et al 1994). Amphetamine plasma concentra-
patients, 9 patients were taking neuroleptics and/or other psychion was measured by gas chromatography (National Medical
otropic drugs at the time of recruitment. In these patients, theServices Inc., Willow Grove, PA) on three venous samples
duration of neuroleptic washout was 289 6 days. Eighteen obtained at 10, 20, and 40 min post-amphetamine injection.
patients were neuroleptic free at the time of recruitment for No statistically significant differences were observed between
reasons unrelated to the study (such as noncompliance dhe groups in experimental parameters such as injected dose,
intolerance). In these patients, the average neuroleptic freéming of the different phases of the experiment, or time of day
interval was 142+ 130 days (using an index of 365 days for at which experiments were performed. Patients and control
patients drug free since more than 1 year; 4). Combining all  subjects were acquired in parallel, to correct for potential
previously treated patients, the average neuroleptic-free intervadeasonal effects. Data were acquired between September 1994
was 104+ 118 days. and September 1998.

Inclusion criteria for control subjects were 1) absence of past
e s e sy ypluation of Clinical Response

pendence (as assessed by

interview and negative urine toxicology); 2) no concomitant or The clinical response to the amphetamine challenge was evalu-
past severe medical conditions; 3) no pregnancy; and 4) informedted with the Positive and Negative Symptom Scale (PANSS)
consent. Groups were matched for age, gender, race, and parentkly et al 1987). Baseline ratings were obtained 60 min before
socioeconomic level as assessed by the Hollingshead scatbe first scanning session. Post-amphetamine ratings were ob-
(Hollingshead 1975) (Table 1). The socioeconomic status of théained 30 min after the injection of amphetamine (i.e., during the
patients was significantly lower than control subjects (Table 1).interval between the first and second scanning sessions). The
PANSS positive and negative subscales include seven items,
each scored from 1 (not present) to 7 (extreme). Thus, the total
Scan Protocol PANSS positive and negative subscales vary from 7 (minimum)
SPECT experiments were carried out as previously describetb 49 (maximum), i.e., a range of 42 points. For each of these
(Laruelle et al 1995). Briefly, 23]IBZM with specific activity subscales, a change of at least 4 points relative to baseline was
>5000 Ci/mmol and radiochemical purity95% was prepared considered clinically significant. This threshold (change of 4
by direct electrophilic radioiodination of the desiodoprecursorpoints in a 42-range scale) was used to denote a clinically
BZM. A total [**3]IBZM dose of 10.3+ 2.5 mCi (with these noticeable change, and not necessarily a clinically severe change.
and subsequent values expressed as me&D) was given as a Behavioral response was also evaluated by the subjects with a
bolus followed by a continuous infusion for the duration of the simplified version of the Amphetamine Interview Rating Scale
experiment (360 min). The activity given as a bolus was 3.9-fold(van Kammen and Murphy 1975). Four items were rated on a
higher than the activity infused per hour. This protocol of scale from 0 (not at all) to 10 (most ever) at various intervals
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before and after the amphetamine injection: euphoria (“feelTable 2. Results: Comparison of Control Subjects and Patients
good”), alertness (“feel energetic”), restlessness (“feel like mov-with Schizophrenia
ing”), and anxiety (“feel anxious”).

Patients with

Outcome Measure Control SubjectsSchizophrenia p
Data Analysis [*Z4)IBZM BP (mL/g) 217+ 63 224+ 92 76
SPECT images were analyzed as previously described (Laruelle (dopamine
et al 1996). The baselinéf]IBZM binding potential (mL g %), receptors)

B Amphetamine-induced  7.5%* 7.1%  17.1%* 13.2% <.001

corresponding to the product of the free receptor density,(/ relative decrease in

nmol/L or pmol per g of brain tissue) and affinity (14K [123]IBZM BP

nmol/L™*, or mL of plasma per pmol), was calculated as the ratio (% baseline)

of striatal specific binding (Ci per g of brain tissue) to the amphetamine plasma 28+ 11 29+ 10 74
steady-state free unmetabolized plasma tracer concentration concentration (ng/mL)

(f,Css 1Ci per mL of plasma) measured during scanning session
1. For each scanning session, the specific to nonspecific equilib-

rium partition coefficient (\\") was calculated as the ratio of aither in the controls (= .04, p = .84), or in the
striatal minus nonspecific to nonspecific activity. Under steady- i« group ( = .05, p = .80)
state conditions, the decrease in specific to nonspecific partitiorﬁ) T ' '

coefficient is equivalent to the decrease in binding potential

(Laruelle et al 1995). Amphetamine-induced decrease inCorrelation With Changes in Positive Symptoms

o < . X
[**4]IBZM binding potential was expressed in percentage fin patients with schizophrenia, the amphetamine challenge

pre-amphetamine value. induced an increase in positive symptoms (the positive
Unless otherwise specified, between-group comparisons were P ymp P

performed with ANOVA, followed by post-hoc Fisher's PLSD. symptoms subscale of the PANSS increased from 7.5

Relationships between continuous variables were analyzed with-2 10 20.5+ 7.6, repeated measures ANOVA, =

the Pearson product moment correlation coefficient. A probabil-019). Alarge between subject variability was observed

ity value of .05 was selected as significance level. in the amphetamine-induced changes in positive symp-
toms (range from—8 to +13). Using the criteria of a
change of 4 points in the PANSS positive subscale as the

Results

Group Comparison Controls Schizophrenics

In control subjects, amphetamine-induced reduction in
[**3]IBZM binding potential was 7.5- 7.1% (n = 36). 50% | :
The amphetamine effect was similar across the three £
cohorts of healthy controls, supporting the consistency of
the protocol and procedures (768.0%, 7.1+ 6.3%, and
8.3 = 7.7% for control cohorts 1, 2, and 3, respectively;
p = .94). Compared to control subjects, patients with
schizophrenia displayed a marked elevation of amphet-
amine-induced £3]IBZM displacement (17.1+ 13.2%,
p = .0003, Table 2, Figure 1). The effect size of the
difference, calculated as the difference of the means
divided by the average SD, was .95. The variance was
larger in the schizophrenic group compared to the control
group (variance ratio: 3.49 = .004). Because of the
difference in variance, we also compared the groups With@_
a nonparametric test, and obtained the same results (Mann— 0%
Whitney, p = .0028).

This increased effect of amphetamine in patients with T p < 0.001 T
schizophrenia was not related to differences in amphet-
amine plasma disposition, since amphetamine plasmhigure 1. Effect of amphetamine (0.3 mg/kg) off{lIBZM
levels were similar in both groups (controls: 27:711.0 binding in healthy control subjects and untreated patients with

. . . . - . schizophrenia. The y-axis shows the percentage decrease in
ng/mL; patients with schizophrenia: 28:7 9.9 ng/mL; [*39]IBZM binding potential induced by amphetamine, which is

p = .73). Moreover, no relationship was found betweena measure of the increased occupancy of iBceptors by
amphetamine plasma levels afté@]IBZM displacement,  dopamine following the challenge.

40% | .

30% |

(% baseline)

20% |

displacement by amphetam

S 10% |
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Figure 2. Relationship between striatal amphetamine-inducedigure 3. Relationship between striatal amphetamine-induced
dopamine release and amphetamine-induced changes in positi@pamine release and amphetamine-induced changes in negative
symptoms. symptoms.

threshold of clinical significance, 16 of the 34 patientsdictive of the magnitude of improvement in negative
(47% of the sample) were described as “worseners” witrsymptoms induced by amphetamine: the more severe the
positive symptoms, 14 (41%) were described as “nonegative symptoms, the more likely were they to improve
change,” and 4 (12%) as “improvers.” The severity offollowing amphetaminer(= .48,p = .004). Using the
positive symptoms at baseline was not associated with theame criteria of clinical significance used for positive
magnitude of the change in positive symptoms induced bygymptoms (change of at least 4 points on the negative
the challenger( = .10, p = .54). subscale), 25 patients qualified as nonimprovers (74% of

Contrasting the worseners in positive symptoms withthe sample) and 9 as improvers on negative symptoms
the nonworseners (i.e., ho change or improvers), patient6% of the sample). We observed a trend for patients
who worsened in positive symptoms displayed anwhose negative symptoms improved to display larger
[*23]IBZM displacement of 24.1+ 12.4% (@ = 16), [**3]IBZM displacement (23.6+ 17.0%) than patients
while patients who did not worsen with positive symptomswhose negative symptoms did not improve (148
showed only 10.9+ 10.8% [#3]IBZM displacement 11.1%,p = .089), and asignificant correlation between
(n = 18), andthis difference was statistically significant improvement in negative symptoms and{]IBZM dis-

(p = .0022). Moreover, we observed a significant placement( = 0.37,p = .028, Figure 3). However, as
correlation between the increase in positive symptoms andhown in Figure 3, this correlation was mostly driven by
the [**3]IBZM displacement ¢ = .54, p = .0009, two patients who manifested a marked improvement in

Figure 2). The severity of positive symptoms at baselinenegative symptoms and a larg&J]IBZM displacement.
was not predictive of the magnitude of?fijIBZM dis- After removing these two patients, no correlation was
placement ( < .01, p = .98). observed between improvement in negative symptoms and

The emergence or worsening of positive symptoms wa§'?3]IBZM displacement ( = .01, p = .98). The
transient, and patients returned to their baseline symptonseverity of baseline negative symptoms was not predictive
atology within a few hours of the challenge. No emer-of the [}*3]IBZM displacement ¢ = .03, p = .84).
gency medication was needed to control these symptoms.

Effect of Procedure-Induced Stress

Correlation With Changes in Negative Symptoms  gjnce stress is known to stimulate dopamine release, we
The amphetamine challenge also resulted in a transierxamined the contribution of the procedure related stress,
improvement in negative symptoms, with the negativeas experienced by the subject, to the variance of the
subscale of the PANSS decreasing from 16.86.6 to  dopaminergic response. We used the self-reports of anxi-
14.1 = 5.8 (repeated measures ANOVA,= .0001). ety as a subjective measure of stress. First, patients with
The severity of negative symptoms at baseline was preschizophrenia were significantly more anxious (4.2..9)
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Figure 4. Amphetamine-induced changes in self-report of anxi- D
ety in patients with schizophrenia (closed circle, mearSD) T p=0002 A p=030 T
and control subjects (open circles). Solid lines represent baseline
(pre-amphetamine) anxiety scores for patients and control sub- T p = 0.003 T

jects. Amphetamine induced an initial increase in anxiety, which

peaked at about 10 min in both groups. Following this initial Figure 5. Amphetamine-induced reduction #J]IBZM bind-

increase, anxiety decreased below baseline levels in both groupilg potential in healthy control subjects, chronic schizophrenic
patients previously exposed to antipsychotic drugs, and in

. . S . first-episode patients, never previously exposed to antipsychotic
prior to the amphetamine injection than control subjectsdrugsl_D P P v exp psy

(3.0£ 1.9,p = .012).Second, the increase over baseline

in anxiety produced by the amphetamine challenge was

moderate, and not different between groups (patientsp = .032). Nogender by diagnosis interaction was noted
+2.3+ 2.0; controls:+1.9 + 2.1,p = .41) (Figure 4).  (dependent:’3]IBZM displacement; gender factop =
Given their higher baseline value, the peak anxiety score49; diagnosis factorp = .001; gender by diagnosis
was higher in patients (6.5 2.4) than controls (4.9 2.5, interaction:p = .97). Therefore, the dysregulation in
p = .001). Thepeak in anxiety score was measured atdopamine transmission revealed by the amphetamine-
about 10 min. Following this peak, anxiety scores de-induced }23]IBZM displacement appeared to be present
creased to baseline levels in both groups. In fact, wean patients with schizophrenia of both genders.
observed a trend for anxiety self-reports to be lower at 60

min post-amphetamine than before amphetamine, with Ngffact of Previous Medication

group by time interaction (repeated measures ANOVA, . i )
Twenty seven patients were chronic and previously ex-

time factor,p = .07; group factorp = .007;interaction, ; ) X ) X )
posed to antipsychotic drugs, while 7 patients were in their

p=.70). . : . i . :
Thus, patients experienced more anxiety than controldi'St episode of iliness and antipsychotic naive. The

both before and during the challenge. However, none offMPhetamine effect ort4]IBZM binding potential was
the three anxiety measures (baseline, increase over basdmilar bet.weer.1 the two Ogroups (c.hr.omc/pr_ewously
line, or peak) was correlated with thi&]IBZM displace- ~ (réated patients: 16.2= 13.5%,n = 27; first episode/

ment, and this absence of correlation was noted both in thB€Uroleptic naive patients: 208 12.2%,n = 7, p =
control subjectsi( = .17, .01, and14, respectively) and .41), andboth groups were significantly different from

in the patients ( = .12, .02, and22, respectively). In control subjects (Figure 5,. Table 3). In th_e preyiously
patients, the baseline stress level was not associated wiffated group, the average time off neuroleptics prior to the

the amphetamine-induced increase in positive symptom&can was 104 118 days (range 21 days to 360 days, with
_ _ e latter value being used as index value for patients
(t = .05 p= 78). the latter value b d as index value for patient

neuroleptic free for more than 1 year). No association was
found between the duration of the neuroleptic-free period
Effect of Gender and the amphetamine-inducetfJ]IBZM displacement
Ten women (four control subjects and six patients) wergr = .02, p = .91). Furthermore, the number of years
included in the study. Female patients displayed largeof neuroleptic exposure was not associated with the
amphetamine-induced{]IBZM displacement (15.2+ amphetamine effectr(= .14,p = .48). Together, these
6.4%) compared to female control subjects (5.5.3%, data indicated that the exaggerated dopaminergic response
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Table 3. Results: Comparison of Control Subjects; Chronic, Previously Treated Patients;
and First-Episode, Neuroleptic-Naive Patients

Chronic, First-Episode,
Control Previously Neuroleptic-Naive
Parameters Subjects Treated Patients Patients p
n 36 27 7 —
Age 40+ 9 42+7 29+ 9 <.01
Amphetamine-induced relative 7.5%+* 7.1% 16.2%+ 13.5% 20.9%+ 12.2% <.01

decrease in'f3]IBZM BP
(% baseline)

to amphetamine exposure was not a prolonged side effec002, Table 4, Figure 6). Furthermore, amphetamine-
of previous neuroleptic exposure. induced [?3]IBZM displacement in remitted patients
Twelve patients received the benzodiazepine lorazepartl0.5+ 9.7%,n = 17) was not statistically different from
p.o. (up to 3 mg g.d.) during the withdrawal phase, up tocontrol subjects (7.5 7.1%,n = 36, p = .27). At
24 hours prior to the scan. No effect of lorazepam on théaseline, patients in exacerbation had more positive symp-
dopaminergic response was detected, since amphetamin®ms than patients in remission, but this difference was not
induced }23]IBZM displacement was similar between the significant (patients in exacerbation: 18:96.5; patients
patients who did (17.%+ 12.1%,n = 12) and did not in remission: 16.1+= 5.8, p = .19). Similarly, the

(17.2% £ 14, n = 22, p = .99) receive lorazepam amphetamine-induced increase in positive symptoms was

during the washout period. higher in patients in exacerbation (3t86.0) compared to
patients in remission (2.% 3.9), but this difference was

Clinical Predictors of Dopaminergic Response not significant = .33). Patients in exacerbation tended

. . to score higher on the post-amphetamine PANSS positive
We tested associations between the amphetamine effect Qpscale (22.7+ 1) compared to patients in remission

[**34]IBZM binding potential and several demographic (18.2 =
and clinical variables in the patient group, in an attempt to,¢ gelt-

characterize the profile of patients with exaggerated regiiher at baseline (patients in exacerbation: #.02.0:

sponse. As already mentioned, the symptom severityaiients in remission: 4.4 1.8,p = .58), orfollowing
(whether positive or negative symptoms) at baseline wWagmphetamine (patients in exacerbation: £.2.4; patients
not predictive of the amphetamine effect op Bceptor i, remission: 6.6+ 2.5 p = .84). Thus, the scan data
transmission. No association was found between the a”‘(dopamine release) provided a better discrimination be-

phetamine effect and age (= .2, p = .90), gender  y\een patients in remission and exacerbation, compared
(p = .69),race p = .15), subject socioeconomic status \ith the clinical ratings.

(r = .05,p = .78), familial socioeconomic status (=
.07,p = .69), duration of illness( < .01,p = .99), ) o )
or number of previous hospitalizations € .01,p = .91).  Baseline B Receptor Binding Potential

However, patients who were experiencing an illnessBaseline }23]IBZM binding potential was not different
exacerbation (as identified by the fact that their admissiorbetween control subjects and patients (Table 2). Since the
was motivated by clinical reasons) presented a highebaseline binding potential is affected by baseline levels of
amphetamine-induced§4]IBZM displacement (23.7+ endogenous dopamine (Laruelle et al 1997a), it was
13.2%,n = 17) than patients who were in remission andinteresting to test the existence of an association between
recruited as outpatients (105 9.7%,n = 17, p = baseline binding potential and amphetamine effect. More

8, p = .085). Nodifferences were observed in
reported anxiety levels between these two groups,

Table 4. Results: Comparison of Control Subjects, Patients in Remission, and Patients
in Exacerbation

Patients in Patients in
Parameters Control Subjects Remission Exacerbation p
n 36 17 17 —
Age 40+ 9 42=+7 36=* 10 .19
Amphetamine-induced relative 7.5%=* 7.1% 10.5%* 9.7% 23.7%+ 13.2% <.001

decrease in'f3]IBZM BP
(% baseline)
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Confrols Stable  Acute Episode !ower baseline dopamine Ievgls compareq to control_ sgb-
Patients Patients jects, and that the dysregulation of dopamine transmission

50% . revealed by the amphetamine challenge was associated
with dysregulation of baseline dopamine activity. How-
ever, direct measurement of baseline dopamine levels will
be needed to further explore the issue of the relationship
between amphetamine-induced dopamine release and
baseline (i.e., unchallenged) dopamine release (Laruelle et
al 1997a).

40%
30% A

20% A

i . N Discussion

. The analysis of this pooled and extended sample con-
H : firmed the results observed in the previous reports, and
HH ) yielded interesting new results. The analysis confirmed
A P=03 A p<0001 A that 'a.mpheta}min'e-ir.\duced displacement WI!BZM
specific binding is increased in schizophrenia, that a
A p < 0.001 A relatively large effect size of .95 is associated with this
Figure 6. Amphetamine-induced reduction #J]IBZM bind- diff'erence, th§lt 'the within group variance of the amphet-
ing potential in healthy control subjects, patients with schizo-2Mine effect is increased in patients compared to control
phrenia during a period of illness remission, and patients withsubjects, and that the excessive stimulation of dopamine
schizophrenia during acute iliness exacerbation. transmission is significantly associated with worsening of
positive symptoms. The new results derived from this
. ) ) .. analysis are as follows: 1) the stress associated with the
specifically, we postulated that a high baseline b'nd'ngprocedure, although higher in patients than in control
potential could be associated with relatively lower Ievelssubjects does not appear to play a detectable role in the
of endogenous dopamine. In that case, the effective,,nhetamine-induced stimulation of dopamine transmis-
affinity for dopamine of the unoccupied ;Dreceptors  gjon. 2) the dysregulation of dopamine transmission is
would be higher in subjects with high baseline binding yresent in both male and female patients; 3) the dysregu-
potential value. Therefore, we tested the hypothesis thabiion, is present in patients never previously exposed to
high baseline binding potential would be associated withe roleptic drugs; 4) this dysregulation is present at onset
high amphetamine effect. This correlation was indeedy jjness, and does not appear to worsen or improve with
observed in control subjects, at an almost significant levely ;- ation of illness; 5) this dysregulation is more pro-
(r = .37, p = .056). Whencontrolled for age, this 5 nced during episodes of illness exacerbation, as op-
relationship between baseline binding potential and amg,geq to periods of remission or stabilization: and 6) the
phetamine effect became significant (two-way ANOVA, haqeline [ receptor availability explains some of the
with baseline binding potential as dependent variable, aggyriance of the amphetamine effect in control subjects, but
effect:p = .01, amphetamine effecp = .03). Thus, in 6 i schizophrenic patients, indirectly suggesting an
cor!trol subjects, we 009'0' pos.tulate that a_larger ampheljeration in baseline dopamine levels in schizophrenia.
amine effect was associated with low baseline endogenous
dopamine levels, manifested by higher baselinedzep- )
tor binding potential. This relationship may be mediatedEffeCt Size
by an effective increased affinity of Dreceptors due to The effect size of the difference in the amphetamine-
lower competition by baseline dopamine levels. induced displacement between patients and control sub-
Interestingly, this relationship was not detected in thejects (.95) is considerably larger than the effect size of
schizophrenic group. Baselin&fi]IBZM binding poten-  other alterations described in schizophrenia using brain
tial was not associated with amphetamine-inducedmaging techniques, such as alterations in ventricular or
[*?3]1BZM displacement ¢ = .17, p = .40). This lack  hippocampal size, or alteration of ,Dreceptor density
of correlation was also present after correcting for age; ifDaniel et al 1991; Laruelle 1998; Lawrie and Abukmeil
fact, age was not associated with a decrease in baselirl®98; Nelson et al 1998). This finding supports the
[**34]IBZM BP (r = .26,p = .19) in theschizophrenic hypothesis that hyperresponsivity of dopaminergic neu-
subjects. This observation indirectly suggested that theons is an important component of the pathophysiology of
increased effect of amphetamine in patients was not due techizophrenia. The interpretation of the scan data (increase

10% A

['2%111IBZM displacement by amphetamine
(% baseline)

0%
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in [*23]IBZM displacement) in terms of underlying mech-  The hypothesis that the observed increaséifi][BZM
anisms (increase in dopamine release) is supported hgisplacement following amphetamine reflects mostly a
experimental data. In baboons, we previously establishedysregulation of dopaminergic neuron reactivity rather
that the magnitude of amphetamine-induced reduction ithan a postsynaptic sensitivity, is indirectly supported by
[**4]IBZM binding potential was correlated with the several recent investigations demonstrating an increase in
magnitude of the increase in extracellular dopamine meaF*®F]DOPA or [F*C]DOPA accumulation in the striatum of
sured with microdialysis (Laruelle et al 1997b), and patients with schizophrenia (Hietala et al 1995; Reith et al
similar results have been published by Breier and c041994), but see Dao-Castellana and co-workers (1997).
workers (1997). Thus, the increased displacement oTogether, these data suggest that an abnormality ,of D
[**3]IBZM observed in the patient group is compatible receptor transmission is associated with schizophrenia,
with a larger increase in extracellular dopamine followingand that this abnormality results at least partly from an
amphetamine exposure in patients with schizophrenigncrease in presynaptic dopamine activity.

compared to control subjects. Analysis of the baboon data

yielded the following relationship between changes in| imitations of the Competitive Model

extracellular dopamineA( dopamine, % of baseline) and . _ .
reduction in F23]IBZM binding potential & BP, % of It is also important to note that the interpretation of the

baseline):A dopamine= 38.5\ BP (assuming no inter- amphetamine effect on"{1]IBZM binding potential in
cept). Thus, an*f3]IBZM binding potential reduction of termszof a simple competition model between dopamlne
7.5% and 17.5% would correspond to an increase of 288989 [ A)IBZM does not account for all the data derived

and 658% in extracellular dopamine in controls andfrom preclinical experiments. Forexample, baboon studies
patients, respectively. have demonstrated that the duration of the effect of

amphetamine on'f3]IBZM binding potential exceeds the
duration of the increase in extracellular dopamine mea-
sured with microdialysis, suggesting that a long-lasting
Nevertheless, this interpretation rests on the assumptioadaptation of D receptors to the surge in dopamine could
that the relationship between extracellular dopamine levelglay a role in the reduction inf3]IBZM binding poten-

and D, receptor occupancy by dopamine is similar intial. Furthermore, a simple competition model cannot
patients and control subjects, i.e., that the affinity of D explain the differences in the magnitude of amphetamine
receptors for dopamine is unchanged in schizophrenianduced displacement of various, Padiotracers (Hartvig
The sequence of the Oeceptor gene, as well as the D et al 1997). Differences in radiotracer affinity do not
receptor affinity for antagonists is unaltered in schizophre-explain these differences in vulnerability to endogenous
nia (Gejman et al 1994; Seeman 1987). Moreover, theompetition, either on a theorical or on an experimental
binding of dopamine agonists in postmortem striata is nobasis (see discussion in Abi-Dargham et al 1999; Laruelle
increased in schizophrenia (Cross et al 1983; Lee et adt al 1997b). Also, the observations that Deceptor
1978). Yet, the D receptor affinity for agonists is regu- agonists and antagonists are unaffected by dopamine
lated by multiple mechanisms such as coupling to Gcompetition are not easily explainable within the context
proteins (Sibley et al 1982), and we cannot rule out theof a simple competition model (Abi-Dargham et al 1999).
possibility of a different in vivo affinity of dopamine for Other mechanisms, such as receptor phosphorylation and
D, receptors in schizophrenia. Moreover, studies pflD,  internalization, and the impact of these regulations on
receptor interactions in postmortem samples have sugadiotracer affinity, may play an important role in deter-
gested alterations of this interaction in schizophrenia, in anining the effect of changes in endogenous dopamine
manner consistent with an increased affinity of lBcep- levels on the in vivo binding of radiotracers (see discus-
tors for dopamine in schizophrenia (Seeman et al 1989b)ion in Abi-Dargham et al 1999).

The development of radiolabeled, Peceptor agonists as  Irrespective of the exact mechanism driving the reduc-
PET radiotracers is needed to address this issue. Untilon in [**3]IBZM binding potential following amphet-
then, the interpretation of the results of this study in termsamine, the blockade of this effect by dopamine depletion
of increased dopamine levels remains tentative. In a striatlearly establishes that dopamine release in a necessary
sense, this study demonstrates that amphetamine leads tdist step in the cascade of events leading to the decrease
greater stimulation of Dreceptors in schizophrenia com- in binding potential (Laruelle et al 1997b). Furthermore,
pared to control subjects, and the mechanism underlyinghe relationship between the magnitude of this effect and
this effect (increased dopamine concentration versus inthe amount of dopamine released in the extracellular space
creased affinity of D receptors for dopamine, or some supports the usefulness of this measure to assess the
combination of both factors) remains to be established. intensity of D, receptor stimulation following this chal-

Pre- Versus Post-Synaptic Mechanisms
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lenge. However, the remaining questions regarding theynapse. An exaggerated stimulation of, Beceptors
exact mechanism of this complex effect suggest thatppears to be an important step for the expression of these
differences in endogenous dopamine levels may not be theymptoms. However, dopamine mediated stimulation of
only factors implicated in the differential response of D, receptors explained only about 30% of the variance in
[*%4]IBZM binding to amphetamine challenge between the positive symptom change, indicating that other factors

patients with schizophrenia and controls. play a role in the exacerbation of these symptoms follow-
ing amphetamine. Using the criteria of a 4-point increase
Striatal Dopamine and Positive Symptoms in the positive subscale as a threshold for a significant

emergence of positive symptoms, the regression of posi-

This present pooled ana_lysis (_:Iearly confirmed that thetive symptom change overd]IBZM binding changes
intensity of D, receptor stimulation by dopamine follow- identifies a minimal decrease of 18.5% if?3]IBZM

ing amphetamine exposure explains a significant aspect qfinging as the threshold associated with a clinically

the variability in psychopathologic response to the chalgjnificant psychotic reaction. It is interesting to note that

lenge in schizophrenia. A number of studies, reviewed by, 5 healthy control subjects exceeded this threshold,
Lieberman and colleagues (1987a) have provided evigw gisplacement of 19% and 21%, respectively. These

@ence that schi_zc_)phrenic patients, as a group, diSplagubjects did not present any detectable psychotic symp-
increased sensitivity to the psychotogenic effects of acutg, g on the other hand, 5 of the 16 patients classified as

psychostimulant administration. In other terms, some buEvorseners displaced less than 18.5% GR[IBZM spe-
not all patients with schizophrenia present emergence Lific binding, and 4 of the 18 patients classified as

worsening of psychotic symptoms after. acute exposure tﬂonworseners displayed?f]IBZM displacement values

psychostimulants at doses that do not induce psychosis igigher than 18.5%. Thus, this threshold is not absolute,
healthy subjects. Key features of this response havgnq other factors modulate the relationship betwegn D
emerged over the years, and were replicated in the presergceptOr activation and positive symptoms. The unique

study. The clinical response to acute psychostimulang,ajitative features of the psychotic response in each
challenges in schizophrenic patients is highly heteroge-

0 , ; ]patient also support the idea that dopamine stimulation
neous. About 40% of patients present a worsening Ofgaqs to activation of preexistent and specific dysfunc-
positive psychotic symptoms, 4

StV _ 0% show no change, and §,41 neuronal circuits and reentrant ensembles that are
minority (20%) do improve on positive symptoms follow- gneific to each patient. In other terms, acute dopamine

ing acute psychostimulant challenge (Lieberman et aliy jation might activate rather than create the neuronal

(i.e., euphoria, restlessness, talkativeness) induced by the enior plockade is necessary to allow the extinction of
challenge. Thus, this reaction is more than a simplepeqe pytative dysfunctional ensembles. A differential
behavioral activation that would make the psychotic pro-gegitivity of these ensembles to dopamine stimulation

cesses more observable (Angrist et al 1980; Janowsky anghyeen patients is consistent with the large variability in
Davis 1976). When it occurs, the psychotic response ig;q response, which is not explainable by Beceptor
comparable to the “spontaneous” psychosis presented By i\ ation.

the subject during the active episodes of the illness \ye should also note that it is unclear if this increased

(Angrist et al 1980; Janowsky and Davis 1976; van qq,qnsivity of DA systems to amphetamine challenge is
Kammen et al 1982), a property that psychostimulants; o isic 1o schizophrenia, or represents a final common

share with other psychotogenic agents, such as the NMD’%athway for all conditions associated with psychotic

antagonist ketamine (Lahti et al 1995). symptoms responsive to,Dreceptor blockade (such as
In this sample, we observed a similar distribution of themania). Studies in nonschizophrenic patients with psy-

quality of the response in patients with schizophreniaypytic conditions are needed to clarify this issue.
(47% worseners, 41% no change, and 12% improvers).

Glucose metabolism changes following amphetamine . . = . . .

challenge in schizophrenia do not characterize the featurés'm'tat'on in Anatomic Resolution

associated with a worsening of positive symptomsThe dysfunctional neuronal reentrant loops supporting the
(Wolkin et al 1994). In contrast, this study provides experience of positive symptoms are likely to involve

evidence that amphetamine-induced dopamine release dysregulation of the prefrontal-ventral striatal-ventral pal-
an important determinant of this response. In other termdjdal-mediodorsal thalamic—prefrontal loop, and its regu-
the response is not uniquely characterized by differencektion by hippocampal afferences (O’'Donnell and Grace
in neuronal circuits “downstream” from the dopaminergic 1998). Considerable preclinical evidence from rodent



66 BIOL PSYCHIATRY M. Laruelle et al
1999;46:56 72

studies supports the hypothesis that antipsychotic druthe effect of stress on dopamine release. On the other
action is associated with dopamine antagonism in théwand, it is plausible that the dysregulation of dopamine
mesolimbic (ventral striatal, including nucleus accum-transmission revealed by the amphetamine challenge in
bens) rather than the nigrostriatal (dorsostriatal) dopamingatients with schizophrenia could lead to excessive dopa-
systems (for review see Deutch 1993). The limited resomine activity during stress, and mediate the relationship
lution of the SPECT camera prevented us from distin-between stress and positive symptom exacerbation. The
guishing the respective contributions of the ventral andcross sensitization between amphetamine and environ-
dorsal striata to the SPECT signal. The anterior striatum isnental stressors on dopamine release supports the validity
a structure measuring an average of 20 to 25 mm along itsf the amphetamine challenge as a pharmacologic model
longest axis in the coronal plane, with a ventral componenbf stress (Antelman 1980).

(accumbens) of 6 to 8 mm and a dorsal component of 12

to 16 mm (Mai et al 1997). Thus, with SPECT (FWHM of gyyiatal Dopamine and Negative Symptoms

9 to 10 mm), the center of each structure is separated b’y) ) . L . . . .
only 1.5 FWHM, which does not allow separation. Based revious behavioral studies in patients with schizophrenia

on average volumes of these structures, we estimated thdfVe shown that negative symptoms decrease or do not
only 15% to 20% of the striatal signal is derived from its change following p.sychostlmular}t challer]ges (Angrist e.t
ventral components. Thus, it is possible that the SPECH! 1980), and that improvement in negative symptoms is

measurement considerably underestimates the magnitu@s€dicted by their severity at baseline (Sanfilipo et al
of the dysregulation of DA release in schizophrenia if this+996). These observations were replicated in the present

dysregulation is more prominent in the ventral structuresStudy- Amphetamine induced a significant reduction in the

On the other hand, the existence of a significant relationN€9ative subscale of the PANSS, and the severity of

ship between positive symptom emergence and increasdtfSeline negative symptoms was predictive of the amphet-
dopamine transmission measured at the level of the whol@Min€-induced improvement on this scale. The observa-
striatum in this study, might suggest that the dopaminergi(l,:'on of a S|gr.1|f|cant relgthnshlp petween Increase in

projections to the dorsal striatum also play a role in thestriatal dopamine transmission and improvement in nega-

pathophysiology of the positive symptoms (Lidsky 1995). V& Symptoms is a new result that emerged from this
Alternatively, this observation could indicate that anCcOmPined and extended sample. This relationship, which

alteration in dopaminergic function measured at the IeveFIid not reach significance in the tW_O previously published
of the whole structure is predictive of the status of Ohorts (Abi-Dargham et al 1998; Laruelle et al 1996),
dopaminergic transmission in the ventral striatum. Studie$€came significant when data were combined, albeit to a

performed with a high-resolution PET camera are needelPVer degree than the relationship between excess dopa-
to resolve this important issue. mine transmission and positive symptoms. Furthermore,

this correlation was essentially caused by two patients with

both marked improvement in negative symptoms and marked
Effect of Stress amphetamine-induced dopamine release (Figure 3).
Preclinical studies have shown that stress activates dopa- The association between an increase in dopamine trans-
mine release (Deutch et al 1990; Finlay and Zigmondmission and improved negative symptoms is in agreement
1997; Kalivas and Duffy 1995), raising the question with the hypothesis that a deficiency in dopamine trans-
whether differences in procedure-induced stress betweemission is involved in the pathophysiology of negative
schizophrenics and control subjects may account for theymptoms. The concept of imbalance between a prefrontal
differences observed in amphetamine-induced dopamineortical hypodopaminergic state underlying negative
release. While subjects with schizophrenia reported highesymptoms and a subcortical hyperdopaminergic state re-
levels of anxiety than control subjects prior and during thelated to positive symptoms has been proposed to account
challenge, we failed to detect a correlation betweerfor the coexistence, in schizophrenia, of both excess and
dopamine release and anxiety level. Thus, stress did nateficiency of dopamine transmission (Davis et al 1991;
appear to significantly contribute to the variability in O’Donnell and Grace 1998; Weinberger 1987). Our data
amphetamine-induced dopamine release. The pharmacde not contradict this hypothesis. The SPECTI[IBZM
logic action of amphetamine on dopamine release maynethod used here does not permit measurement of pre-
override the physiologic relationship between stress androntal dopamine release, given the very low number of
dopamine release. Measurements of dopamine relead®,/D; receptors in the prefrontal cortex (Hall et al 1988).
under more physiologic conditions, such as during restingstudies with new PET radiotracers allowing assessment of
state (Laruelle et al 1997a) or during cognitive activationDA transmission in extrastriatal areas will be needed to
(Koepp et al 1998) would be more suitable for assessindurther explore this issue (Farde et al 1997; Mukherjee et
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al 1997). Nevertheless, the observation that in two pative study is warranted to further establish the relationship
tients, a large reduction in negative symptoms was assdetween dopamine dysregulation and illness exacerbation.
ciated with a large amphetamine-induced decrease in This observation is in agreement with previous studies
[*29]IBZM binding indirectly suggest that a hypodopam- reporting that the psychotic response to psychostimulants
inergic state in the dorsal striatum could, in some patientsis state dependent in patients with schizophrenia. Patients
underlie negative symptoms. who responded with a psychotic reaction to a psycho-
stimulant challenge during an acute episode failed to show
) o such a response when they were in remission (Janowsky
Role of Previous Medications and Davis 1976; van Kammen et al 1982). Furthermore,
In the previous two cohorts, we failed to detect a relation-studies have shown that the vulnerability to psychostimu-
ship between dopamine transmission response and durkant-induced psychosis is associated with a higher rate of
tion of neuroleptic washout or lifetime neuroleptic expo- relapse upon neuroleptic discontinuation (Lieberman et al
sure. This lack of correlation suggested that the observe#l984; Lieberman et al 1987b). So, the propensity to
effect was not a long-term side effect of previous neuropresent a psychotic reaction to a psychostimulant chal-
leptic exposure. However, this evidence was only circumdenge may “reveal” an active phase of the illness not
stantial. In the present report, we present the resultseadily identifiable by the clinical symptomatology, in the
obtained in seven first-episode neuroleptic-free subjectsabsence of a psychostimulant challenge. The present study
The amphetamine-induced dopamine release was similashows that a dysregulation of dopamine release could
if not higher, in these subjects, indicating that the dysreguecontribute to the pathophysiology of acute episodes. Re-
lation of dopamine transmission revealed by the challengenitted patients failed to show this abnormal response, also
is present at onset of illness and not due to previousuggesting that the excess dopamine response is state
medications. Similar data have been presented by Breiafependent. Obviously, studying the same patients during
and co-workers (1997). exacerbation and remission is needed to confirm this point.
However, the significance of the exacerbation/remission
. ) . . factor strongly suggests that increased dopamine release
Relationship With Exacerbation of lliness and psychosis exacerbation do not distinguish subgroups
This extended analysis provided the opportunity to searclf patients, but rather different phases of the iliness. This
for factors that may account for the variance of the effectobservation supports the idea that the symptomatic “het-
in patients. In the two previously published cohorts, weerogeneity” of schizophrenia could reside in the fluctua-
failed to identify demographic or clinical features predic- tion of the illness over time, rather than in distinct
tive of excessive dopamine release following amphetsubgroups of patients. Test/retest studies of amphetamine-
amine. Importantly, the severity of positive symptoms atinduced dopamine release in healthy control subjects have
baseline was not predictive of the dopaminergic respons&hown that differences between subjects in the magnitude
and these results were confirmed in the present analysigf this response are stable over time (Kegeles et al 1999),
However, the present analysis revealed that the exaggebut this may not be true in patients with schizophrenia.
ated dopamine response to amphetamine was mostlyhis fluctuating nature of the dopaminergic abnormalities
observed in the subset of patients who were studied duringssociated with schizophrenia should be considered when
an episode of illness exacerbation, compared to patients iiterpreting studies of genetic markers associated with this
remission. These data suggest that the responsivity of th@sponse. The absence of stable abnormality of dopamine
dopamine system might be predicted, not by the absolutginction might also explain the inconsistency in detecting
level of baseline positive symptoms, but rather by thegjterations in dopamine and its metabolites in postmortem

presence of an active phase of the illness. Since no clinicaliydies of patients with schizophrenia (for review see
ratings were available for the time before the admissionpayis et al 1991).

we do not have direct evidence that patients classified as
“in exacerbation” experienced a recent increase in symp- . . . . L
tomatology prior to admission. However, outpatient treat—lmpllcatlon of Cortical-Subcortical Circuits

ment and partial hospitalization were available treatmenfrhe mechanism of this increased dopaminergic neuronal
options for each of these patients and the decision wageactivity remains unclear. The activity of dopaminergic
made that the clinical status required hospitalizationcells in the ventral tegmental area (VTA) and substantia
Under these conditions, hospitalization is one of the beshigra (SN) is regulated, among others, by glutamatergic
indicators of “episode” and “relapse” (Schooler et al projections from the prefrontal cortex (Kalivas 1993;
1997), and it is reasonable to classify these patients a€arreman and Moghaddam 1996; Mathe et al 1998;
experiencing an active episode of the illness. A prospecSvensson and Tung 1989). This cortical glutamatergic
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control occurs primarily through projections to the dopa-systems, which become autonomous, i.e., independent of
mine cell body area rather than the terminal regionstress and self-perpetuating, until, Peceptor blockade
(Karreman and Moghaddam 1996). Given the evidence fointerrupts this reaction, progressively allowing for its
dysfunction of the prefrontal cortex in schizophrenia, it is extinction. Upon neuroleptic discontinuation, the brain
tempting to speculate that the dysregulation of subcorticabecomes again vulnerable to the stress-induced reemer-
dopamine revealed by this study might be secondary to gence of this endogenous sensitization process. The neu-
failure of the prefrontal, VTA/SN projections to properly rodevelopmental abnormalities of brain connectivity and
regulate dopamine release following amphetamine chalintegration associated with schizophrenia might facilitate
lenge. Preclinical models have been proposed for such #e emergence of these episodes of endogenous sensitiza-
dysregulation. In adult rats, a selective destruction oftion episodes.

prefrontal dopamine terminals (Pycock et al 1980; Roberts

et al 1994), an impairment of cortical GABAergic trans- |mplication for Relapse Prevention

mission (Karreman and Moghaddam 1996), or an imlOair"l’his model supports the need for new relapse prevention
ment of NMDA transmission (Miller and Abercrombie bp pse p

S . strategies. Currently, pharmacologic “maintenance” dur-
1996) can lead to a disinhibition of dopamine release. All. 9 Y, P g

h tential ab lities h b d ing remission phases is based on dopaminergicedep-
ree potential abnormalities have been proposed as MoGe, 1 crade. These treatments succeed at reducing the
els for this dysregulation in schizophrenia. Maybe more

| | lesi f the hi 't ._relapse risk, but might do so at the price of inducing an
relevant, a ngonata esion of the Ippocampa ormatlo nnecessary functional hypodopaminergic state, a condi-
leads to a failure of prefrontal—subcortical regulation of

tion associated with significant adverse effects and lower

dopamine relegse in nonhuman primates (Sau_nders _et ahality of life. A better understanding of the neurobiologic
1998), and this _ne.‘urodevelopmen.tal mechanlsm m'ghf"nechanisms that trigger the episodic states of dopaminer-
offer a more realistic model of schizophrenia than acutgyic hyperactivity associated with illness exacerbation
mampulat!on in adL_JIts. However, the appargnt fluct_ua'uonmight lead to new relapse prevention strategies sparing D
of dopamine function with the episode of illness is Not g cepior function. In other terms, the apparent normality of
fully accounted for by this neurodevelopmental model.  4opamine transmission during illness remission might be a
more important finding of these studies than the dysregu-
Exacerbation of Illlness and Sensitization lation during illness exacerbation. The development of
‘animal neurodevelopmental models that lower dopamine

scribed phenomenon in rodents that might be relevant tgensitization threshold might uIti_mate_I)_/ lead to the devel-
the disorders of dopamine function observed in this stud)s?pment of alternqtlve and _Iess impairing relapse preven-
(Lieberman et al 1997). Long-term sensitization to psy-tlon pharmacologic strategies.

chostimulants is a process whereby exposure to these _

drugs results in an enhanced response at subseque@@nclusion

exposures (for reviews see Kalivas and Stewart 1991 conclusion, the extended analysis presented in this
Kalivas et al 1993; Grace 1995; Robinson and Beckerpaper revealed some important new aspects of these
1986). Several studies have shown that sensitization istudies not observed previously. Specifically, the observa-
associated with increased stimulant-induced dopamingon that dysregulation of dopamine transmission is
release in the axonal terminal fields (Akimoto et al 1990;present at onset of illness and during periods of exacerba-
Kalivas and Duffy 1990; Kazahaya et al 1989; Patrick et altion, yet not detectable during periods of remission,
1991; Paulson and Robinson 1995; Pettit et al 1990provides a better understanding of the relationships be-
Robinson et al 1988). Thus, sensitization in rodents is aween dopamine dysfunction and symptomatology, and
paradoxical positive feedback loop, in which dopaminemight inform both preclinical models and drug develop-
activation leads to more dopamine activation. Our datanent strategies.

provide support for the hypothesis that dysfunction of
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